Many animals have geographic variation or dialect differences in their vocalizations. These differences combined with social behavior and isolation can contribute to speciation. We compared the acoustic vocalizations of 3 subspecies of Spermophilus lateralis and those of S. saturatus using wild-caught animals in the presence of a predator, Canis lupus familiarus. Variation was examined using 9 sonogram variables. We found both local dialect differences and geographic variation in alarm calls. S. saturatus could be distinguished 100% of the time from S. lateralis using discriminant analysis. Widespread use of ultrasonic vocalizations was found in both S. lateralis and S. saturatus. Dialect differences showed a pattern of character displacement between adjacent subspecies. Vocalization parameters changed within local sites and between years, suggesting alarm calling is at least partially a learned behavior. Species share more uniquely defining vocalization variables than either subspecies or local populations.
There are more than 4,800 known species of mammals (Nowak 1999) , most of which are capable of vocalization. Vocalizations combined with body signals permit the dissemination of information within elaborate social structures. Despite the importance of vocalizations in mammalian social behavior, relatively few studies have quantified mammalian sounds. Archiving vocalizations has become more prevalent in recent years. In 1996 only 5% of mammal taxa had their vocalizations archived in accessioned collections (Gannon and Foster 1996) . Currently researchers have archived vocalizations for over 21% of all mammalian species (Macaulay Library of Natural Sounds, New York; British Library National Sound Archive, London, United Kingdom; Borror Laboratory of Bioacoustics, Columbus, Ohio).
Mammals emit a variety of vocalizations including calls for territorial defense, contact, copulation, parent-offspring interactions, and alarm. An alarm call is a specific type of vocalization given in response to a potential threat. Animals that live in proximity to each other may benefit from alarm calls in several ways, particularly in increased vigilance. Many predators depend upon the element of surprise to capture prey. The success rate of predators is low if the victim is alerted during the early stages of attack (Krebs and Davies 1987) . Alarm calls, which alert the surrounding animals of danger, increase vigilance and are one example of a defense mechanism that has evolved in communal animals. The behavioral defenses developed by these animals can vary from one situation to the next and may involve combinations of vocalizations and body postures that aid in communication within the community.
Sciurids often show predator specificity in alarm calls and have a specific call type for avian, reptilian, and mammalian predators (Balph and Balph 1966; Greene and Meagher 1998; Hanson and Coss 1997; Sherman 1977; Slobodchikoff et al. 1986 Slobodchikoff et al. , 1991 . The alarm call of the golden-mantled ground squirrel, Spermophilus lateralis, to the presence of a canid has been described as a trill call, a multinote vocalization consisting of a high note followed by a series of lower notes (Shrinner 1995) . The coyote, Canis latrans, is a natural predator of S. lateralis. Owings and Leger (1980) showed that the response of a California ground squirrel, S. beecheyi, to a coyote was no different than its response to a domestic dog, C. lupus familiarus. Armitage (1982) , Hanson and Coss (1997) , Owings et al. (1986) , and Shrinner (1998) used domestic dogs to simulate coyotes in their studies of squirrel vocalizations.
When examining vocalizations in comparison to geographic location, calls are commonly categorized as having either dialect differences or geographic variation. Dialect differences in vocalizations exist between populations in which gene flow is not restricted by long distance or geographic barriers.
Differences in vocalizations on a regional level or between populations, which have geographic barriers, are defined as geographic variation (Conner 1982) . For sciurids, geographic variation is predicted to be greater than differences in dialects (Slobodchikoff et al. 1998) .
Spermophilus lateralis is divided into 13 subspecies throughout its range (Hall 1981) . Ten of these subspecies have contiguous boundaries within the mountainous regions throughout western United States and into southern Canada (Hall 1981) . The population of S. lateralis bernardinus in Big Bear, California is geographically isolated from this group and all other subspecies ( Fig. 1; Hall 1981 ). The Cascade goldenmantled ground squirrel, S. saturatus, is endemic to the central part of Washington state and is geographically isolated from S. lateralis by the Columbia River (Fig. 1, Howell 1938 ). It is a sister species to S. lateralis and allopatric speciation was likely the mechanism driving its differentiation.
In this study, we report calls of S. saturatus and compare interspecific variation in alarm calls of S. lateralis and S. saturatus. We also examine intraspecific variation in the alarm calls of 3 subspecies of S. lateralis, the isolated population of S. l. bernardinus and 2 representatives of the continuous population S. l. trepidus and S. l. chrysodeirus. We examined both geographic variation and dialect differences in the reaction of S. lateralis to the presence of a domestic dog. We hypothesized that (1) alarm calls would show both geographic variation and dialect differences, and (2) alarm calls of S. lateralis would be different from S. saturatus and that the difference would be greater than the subspecific difference.
MATERIALS AND METHODS
We recorded alarm calls from 4 taxa of squirrels. Squirrels were captured at 4 localities: S. l. bernardinus was collected in San Bernardino County, California; S. l. trepidus in Washoe County, Nevada; S. l. chrysodeirus in Lassen County, California; and S. saturatus in Chelan County, Washington.
Spermophilus lateralis bernardinus calls were collected in Big Bear, California from July through September 1999 and from June through August 2000. In 1999 animals were collected on the south shore of Big Bear Lake, next to Bear Mountain ski resort (elevation 2,165 m, 34813.449N, 116852.329W The dominant plants at both sites were Pinus jeffreyi, P. contorta, P. ponderosa, and Purshia tridentata. At Eagle Lake Ranger District Office, Artemisia tridentata was also present.
Spermophilus saturatus calls were collected in July 2000 near Fish Lake, Washington near Goose Creek campground off county road 62 (elevation 675 m, 478499N, 1208409W). The dominant plants were Acer macrophyllum, Pseudotsuga menziesii, Abies grandis, Pinus ponderosa, Thuja plicata, and Populus trichocarpa.
Animals were trapped with live traps (Tomahawk Live Traps, model 210, Tomahawk, Wisconsin; and H. B. Sherman, short-folding aluminum traps, Tallahassee, Florida). Vocalizations were collected at the site of capture and animals were released at the point of capture. Sherman traps were baited with a mixture of oats, peanut butter, molasses, and birdseed. Tomahawk traps were baited with raw bacon. Traps were covered with shade cloth and checked hourly. Sherman traps were used for S. lateralis and both Sherman and Tomahawk traps were used for S. saturatus.
Traps (100-150) were placed in pairs around shrubs or fallen trees 10-15 m apart in a line transect and typically were open from sunrise to sunset. The site at Fish Lake, Washington was larger (3 km 2 ) than the other sites and we placed 6-8 Tomahawk and Sherman traps in a 1 m 2 area at each place where squirrels were sighted. To avoid using an individual animal repeatedly within a season and from one year to the next, we marked each squirrel by drawing large numbers on their hindquarters with permanent black hair dye (Miss Clairol, Jet Black, Cincinnati, Ohio). After capture, all squirrels were placed in a Tomahawk trap and given approximately 30 min to acclimate before recording.
Animals were placed behind a blind, which consisted of a 3 Â 5 m cotton sheet suspended on a rope between 2 trees. The person recording was in another blind, 4 m away. The blind was pulled away from the squirrel's cage, presenting a view of the predator for the first time. The sudden appearance of the dog, a 36-kg black Labrador mix, was intended to simulate the sight of a natural predator, a coyote (Owings and Leger 1980) . To keep the dog within 1 m of the squirrel, a person on the other side of the blind and out of sight of the squirrel provided food rewards to the dog. Each trial was conducted for a minimum of 3 min. If no vocalization of any kind was emitted after 3 min, the trial was terminated. If the squirrel vocalized, the trial continued for an additional 6 min. If the squirrel gave a trill alarm call during that 6-min period, recording continued until at least 5 trills were recorded.
A directional microphone (Sennheiser Electronic GMbH & Co., model MKH-70 P 48, Wedemark, Germany, with an upper limit of 22 kHz) was used with low pass filter. Calls were recorded with digital audio tape recorder (Sony, model TCD D 10 PRO II, Park Ridge, New Jersey) and digital audio tapes (Sony DT 120).
Analysis.-Approximately 10 alarm calls were recorded per individual. Five calls (maximum) were randomly chosen from each squirrel at each site and analyzed using Canary 3.1 bioacoustical software (Cornell Laboratory of Ornithology, Ithaca, New York). Alarm calls were archived at Cornell Lab of Ornithology (archive numbers 111700-111805). Each call consisted of a primary note and a series of secondary notes. The primary note is the first note in the call. Secondary notes follow the primary note. Eight measurements were taken on the primary note, with an additional measurement, pulse rate, calculated from secondary notes (Fig. 2) . Pulse rate ¼ number of secondary notes per duration (notes/s). High frequency ¼ maximum frequency recorded (kHz). Fundamental harmonic ¼ lowest portion of the primary note. Number of harmonics ¼ number of overtones that were visible above the fundamental harmonic. Peak frequency ¼ point of most intense frequency in the call (as identified by the Canary program: this could lie within any of the harmonics, but was typically found in the 1st harmonic; kHz). Frequency 1 ¼ frequency at the highest point of the fundamental harmonic (kHz). Frequency 2 ¼ frequency at the highest point of the harmonic above the harmonic carrying the peak frequency (kHz). Frequency 3 ¼ frequency at the end of the harmonic with the peak frequency (kHz). Inter-harmonic interval (IHI) ¼ the difference in frequency between 2 harmonics (frequency 2 ÿ peak frequency; kHz). Duration ¼ time span of the primary note (time C ÿ time B in seconds). Descending slope (slope D) ¼ slope between the peak frequency and the point at the end of that same harmonic ([frequency 3 ÿ peak frequency]/[time D ÿ time A]; kHz/s). The calls were imported at a sampling rate of 44.1 kHz, sample size 16 bits, input speed 1.0Â, and a gain of 1.14. Other parameters were: filter bandwidth 699.40 Hz, frame length 256 pt, time 0.1814 ms, overlap 98.66%, frequency 86.13 Hz, FFT size 512 pt, window function was Hamming, amplitude was logarithmic, clipping level ÿ140 dB, and display style was smooth.
We required a minimum of 3 secondary notes for a call to be further analyzed. Measurements for all 5 calls from a single squirrel were averaged. For 2 squirrels, only 4 calls were averaged. A stepwise discriminant function was used to determine which variables showed differences on yearly, local, regional, and taxonomic levels (SAS System for Windows v8, Cary, North Carolina). The stepwise discriminant function removed variables with low predictive value to the comparison at hand. Only these variables identified by the stepwise discriminant function were used in the rest of the analysis for that area. In geographic comparisons, data were combined into 3 groups representing the southernmost population (S. l. bernardinus), central populations (S. l. chrysodeirus and S. l. trepidus), and S. saturatus in the north and analyzed simultaneously. We used pairwise multivariate analysis of variance (MANOVA) to look for significant differences between sites and geographic areas. A Bonferroni correction lowered the error rate to a ¼ 0.017 for both local and regional levels. Age and sex were also entered into the MANOVA model to look for significance on the local and regional levels based on the significant variables for that area (Minitab 13.1 software, State College, Pennsylvania). To examine differences between calling squirrels and noncalling squirrels, based on age and sex, a chi-square analysis was performed. Discriminant analysis, adjusted with the prior probabilities (total n each site/total n for all sites in a geographic area), showed how well animals were classified to their local sites, geographic areas, species, and subspecies. Values for variables are reported as mean 6 SE.
RESULTS
During vocalization trials all squirrels turned to face the dog and vocalizations appeared to be directed at the dog. Alarm calls (Table 1) . Within S. l. bernardinus populations, all comparisons (sites and years) were significantly different (Table 2, Fig. 3 ). Three other variables were identified by discriminant analysis as contributing to a model comparing subspecies: IHI (7.0 6 0.4 kHz), duration (49 6 2 s), and pulse rate (24 6 0.4 notes/s; Table 1 ).
Three variables of S. l. trepidus alarm calls were analyzed for subspecific comparisons: IHI (8.1 6 0.3 kHz), duration (44 6 4 s), and pulse rate (27 6 0.5 notes/s; Table 1 ).
Alarm calls of S. l. chrysodeirus varied significantly between the 2 populations ( Table 2 ). The model included 3 variables: frequency 1 (Bogard 8.4 6 0.1 kHz; Eagle Lake 9.3 6 0.1 kHz); slope D (Bogard -114 6 5 kHz/s; Eagle Lake -99 6 4 kHz/s); and harmonics (Bogard 2.7 6 0.3; Eagle Lake 1.6 6 0.1; Table  1 ). Three different variables were important for comparisons between species: IHI for S. l. chrysodeirus (9.4 6 0.2 kHz), duration (58 6 4 s), and pulse rate (25 6 0.5 notes/s; Table 1 ).
We compared 3 subspecies of S. lateralis on the basis of the 3 variables noted above. S. l. chrysodeirus and S. l. trepidus were statistically different from each other, as were S. l. chrysodeirus and S. l. bernardinus (Table 2) . However, S. l. trepidus and S. l. bernardinus were not significantly different when the Bonferronii correction was applied (Table 2) . A comparison of broad regions showed clear geographic variation between the southernmost population of S. lateralis and the central populations (S. l. chrysodeirus and S. l. trepidus combined; Fig. 1 ; Table 2 ). Five variables (frequency 1, frequency 2, pulse rate, duration, and peak frequency) were included in this comparison based on the stepwise discriminant function (Table 1) . A plot of canonical variables 1 and 2 confirmed a moderate separation between central and southern populations of S. lateralis (Fig. 4) . A discriminant analysis correctly identified animals to their localities and subspecific taxonomic group with accuracy ranging from 23% to 96% (Table 3) .
Of 169 S. lateralis captured, males were more likely to vocalize than females (n ¼ 47, 72% and n ¼ 61, 59% respectively), but this difference was not significant (P ¼ 0.07,
. Juveniles were just as likely to vocalize as adults in S. lateralis (61% and 64% respectively; P ¼ 0.74, v 2 ¼ 0.1, d.f. ¼ 1). S. saturatus was not analyzed in this manner because of a small sample size. Age was not a factor in any of the comparisons. Male and female differences were significant only between S. l. bernardinus and S. saturatus (Wilks' k ¼ 0.771; d.f. ¼ 5, 54; P ¼ 0.013).
The alarm call of S. saturatus can be described as a multinote trill call consisting of a high note followed by a rapid series of lower notes (Table 4, Fig. 2 ). The alarm call of S. saturatus is indistinguishable from S. lateralis to the human ear. Analyses of variables produced with Canary software indicated that calls of S. saturatus were generally higher in frequency, had a lower pulse rate, and fewer harmonics than S. lateralis ( Table   TABLE 1 .-Variables with predictive value identifying differences within 3 subspecies of Spermophilus lateralis and S. saturatus (stepwise discriminant function; SAS v8). Nine original variables were included, as extracted from individual sonograms (Fig. 2) and described in text: high frequency, peak frequency, pulse rate, number of harmonics, frequency 1, frequency 2, inter-harmonic interval (IHI), duration, and slope D. (Table 3) . A pairwise MANOVA indicated a significant difference between the alarm calls of S. lateralis and S. saturatus (Table 2 ) based on 5 identified variables (frequency 1, frequency 2, pulse rate, duration, and IHI; Table 1 ).
DISCUSSION
Alarm calls show both dialect and geographic variation in 2 species of golden-mantled ground squirrels. This variation was greater between species than within species. We documented variation in both allopatric and sympatric groups. Such variation may be the result of numerous random or selective forces.
Dialect differences within S. lateralis were found in some instances and not in others. We compared 3 subspecies of S. lateralis but only one comparison, between S. l. chrysodeirus and S. l. trepidus, was considered as a dialect difference because they share a border along their entire range (Hall 1981) . We considered variation between S. l. trepidus and S. l. bernardinus as geographic variation because of the clear isolation of S. l. bernardinus. To assess geographic differences within broad regions, we combined data into 3 latitudinal regions. Clear geographic variation was found between the southernmost population of S. lateralis and the central populations examined. By combining 2 subspecies into a single geographical unit we examined greater combined variation than may be present in a geographic analysis of a single subspecies. Our results, therefore, represent an estimate of geographic variation in the species and not the subspecies.
Congeners S. lateralis and S. saturatus had distinct vocalizations. Calls from S. saturatus were identified by discriminant analysis 100% of the time. A comparable level of accuracy in interspecific discriminant analysis of call variables was 96% between Tamias senex and T. siskiyou (Gannon and Lawlor 1989) . This suggests that in sciurids vocalizations are good characters that can be used in conjunction with morphological and genetic data to support species designations.
The pattern of variation among subspecies suggests character displacement in alarm calls. S. l. trepidus was found to be statistically distinct from S. l. chrysodeirus but not from S. l. bernardinus. Since S. l. trepidus and S. l. chrysodeirus share a common border, differentiation in alarm calls would promote subspecific recognition. Distinction between sympatric groups may serve to reinforce group identity and drive character displacement. Note that S. l. chrysodeirus and S. l. bernardinus were statistically distinct over a large geographic distance, whereas S. l. bernardinus and S. l. trepidus over the same distance were not. This may reflect the lack of clear selective pressures resulting in different evolutionary trajectories. A distinction in alarm calls between S. l. trepidus and S. l. chrysodeirus does not preclude them from taking advantage of the information contained in alarm calls between groups. In fact, it is likely that subspecies would recognize and use the alarm calls of other subspecies as a protection from shared predators. This pattern of information sharing has been well documented at the interspecific level and suggests a benefit derived from greater vigilance no matter the source (Shrinner 1998) .
Within subspecies, at the population level, all comparisons showed statistical differentiation. Thus, variation within alarm calls can occur at small spatial scales. Nevertheless, the number of variables that are distinctive at various levels decreases from 5 between species to 3 between subspecies, and 1 and 3 respectively between the populations of a single subspecies (Table 1) . From the perspective of an individual animal or group, an alarm call is more recognizable and more likely to persist as unique with a larger number of distinguishing variables. This is consistent with our discriminant analyses that showed on average a more accurate classification between groups with more variables. Assuming that the time since species shared a common origin is greater than the time since subspecies shared a common ancestor, our data suggest that time promotes stability within alarm calls through the accumulation of unique parameters.
We noted rapid change of a single variable within the alarm calls of S. l. bernardinus, resulting in both year-to-year and local site-to-site variability (for sites approximately 10 km apart). Likewise, S. l. chrysodeirus showed remarkable differentiation for 2 sympatric populations in proximity (about 17 km). This is also likely the result of a rapid development because one would predict more uniformity within a common gene pool, as gene flow is predicted to swamp novel variations within close-knit groups. These data suggest that dialect differences can arise quickly. Characters that change quickly but can, nevertheless, be used to distinguish group identity suggest that it may be a learned behavior. Although we did not test this hypothesis directly, our data are consistent with other studies that suggest that animal vocalizations are at least partially learned. In the California ground squirrel, S. beecheyi, juveniles show less call differentiation in response to a predator than do adults (Hanson and Coss 1997) . Although juvenile Belding's ground squirrels, S. beldingi, emerge with some ability to recognize alarms, the response to an alarm call is not fully formed (Mateo 1996 ). Richardson's ground squirrels, S. richardsonii, discriminate between neighbor and non-neighbor calls (Hare 1998) . Thus, alarm calls in sciurids show consistent evidence of learning.
In this study, animals were calling in an isolated environment removed from their conspecifics and in proximity to a potential predator. In this environment, calls were directed at the predator. This is consistent with observations by Blumstein and Armitage (1998) that some sciurids increase the rate of alarm calls in direct proportion to the perceived risk. They reasoned that this evidence supports a second function of alarm calls, specifically that the calls themselves encourage a predator to leave the vicinity (Blumstein and Armitage 1998) . Uinta ground squirrels, S. armatus, also direct their calls at predators when trapped or handled (Balph and Balph 1966) .
Squirrels at all sites within this study vocalized at sound frequencies above 22 kHz, in the ultrasonic range. Since our equipment was unable to record higher frequencies, all representations of high note reported as 22 kHz in this study are a minimum. Before this research the highest recorded vocalization of S. lateralis was 16 kHz at the University of California's White Mountain Research Station in eastern California (Shrinner 1998) . We also recorded S. saturatus vocalizing above 22 kHz. Given the widespread nature of this result, we conclude that the alarm calls of golden-mantled ground squirrels typically extend into the ultrasonic range. Sciurids that have been tested for hearing in the ultrasonic range are Sciurus niger (Jackson et al. 1997) , Cynomys ludovicianus, and C. leucurus (Heffner et al. 1994) . Neither S. saturatus nor S. lateralis have been tested for hearing in the ultrasonic range. However, on the basis of a recent examination of S. lateralis ear anatomy using comparative anatomy techniques, M. Mason concluded that S. lateralis likely hears ultrasonically to at least 60 kHz (personal communication). Whether any of these species are using the ultrasonic portion of the vocalizations for communication is not known. Field playback experiments are required to assess whether or not these animals are hearing and using ultrasonic vocalizations.
In conclusion, this study describes the alarm calls of S. saturatus and compares them with sonograms of S. lateralis calls. We confirmed dialect and geographic differences in S. lateralis and S. saturatus on the basis of discriminant analysis of alarm calls and significant differences in pairwise comparisons. As expected, we found less differentiation between subspecies relative to species. Differences between years and nearby localities suggest rapid change within measured variables, which is consistent with a learned behavior. Our analyses lead us to suggest that unique variables, within an alarm call, promote group recognition, and are more likely to develop with time and with direct contact between related groups. Further studies including more sites and subspecies would provide interesting data and insight into these patterns of dialect and geographic variation. Finally, ultrasonic vocalizations in Spermophilus have not been previously documented. Playback experiments testing the use of ultrasonic vocalizations would also be of interest.
